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2ABSTRACT
VIBRATIONS FROM FRANKI PILE DRIVING:
MEASUREMENT AND PREDICTION
by
PHILIP JOSEPH TATKO
Submitted to the Department of Civil Engineering on May 1975
in partial fulfillment of the requirements for the degree of
Master of Science in Civil Engineering
Little quantitive data has been assembled
on the damaging effects of pile driving. Al-
though pile driving has been known to cause dam-
age to structures.
The objective of this investigation was to
study the vibration levels resulting from the
driving of a specific type of pile (Franki).
Ground vibrations were monitored at ground
surface at various distances from the pile
driving source. The investigation result-
ed in the following accomplishments.
1) Dimensionless plots of particle velocity
levels were obtained for various projects,
taking into account soil type and various
driving techniques.
2) Free vibration response was recorded for
two structures. Realistic values of the fun-
damental frequencies of vibration and critical
damping fractions were obtained from the re-
sponse of these structures. For one project
free vibration was observed in a firm layer of
soil overlying a peat deposit.
3) Response spectra have been calculated for
ground motions from pile driving.
4) Seismic site velocities were obtained for
each project study.
35) Attenuation relationships for peak particle
velocity have been compared in relationship to
subsurface stratifaction.
Thesis Supervisor: Charles H. Dowding
Professor of Civil EngineeringTitle:
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Chapter I
Introduction
1.1 Objective of the Investigation
A measure of the damage potential of earthwaves is nec-
essary in order to extrapolate experience from one building
site to another. Presently, peak particle ground velocity
is widely used to assess the damage potential of a passing
earthwave. Peak particle ground velocity assessment is
commonly employed where blasting vibrations is concerned
(Crandell, 1949; Edwards and Northwood 1960, 1963). In
recent years, response spectrum analysis has been used to
study the effects of earthquake ground-motions upon struc-
tures (Veletsos and Newmark, 1964).
Little quantitive data has been assembled on the
damaging effects of pile driving. Although pile driving has
been known to cause damage to structures.
The object of this investigation was to study the
vibration levels resulting from the driving of a specific
type of pile (Franki). Ground vibrations were monitored at
ground surface various distances from the pile driving
source. The investigation has resulted in the following
accomplishments.
1) Dimensionless plots of particle velocity levels were
obtained for various projects, taking into account soil
type and various driving techniques.
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2) Free vibration response was recorded for two structures.
Realistic values of the fundamental frequencies of vibration
and critical damping fractions were obtained from the re-
sponse records of these structures.
3) Response spectra have been calculated for ground mo-
tions from pile driving.
4) Seismic site velocities were obtained for each case
study.
5) Attenuation relationships for peak particle velocities
have been compared in relationship to subsurface strati-
faction.
1.2 Scope of the Investigation
The investigation has been centered around the Franki
pile with some records of blasting vibrations. Chapter 2
reviews previous work in the assessment of pile driving
damage. In Chapter 3 the installation of the Franki pile
is explained. The data upon which the investigation is
based and conclusion from the data are presented in
Chapter 4. Chapter 5 gives a discussion of the response
spectra and presents plots of results. Legal aspects of
pile driving are presented in Chapter 6, while Chapter 7
outlines the major conclusions resulting from the investi-
gation and makes recommendations for future research. The
appendices contain the details of the field studies.
22
Chapter 2
Literature Review
2.1 Nature of Ground Vibration
When dealing with the problems caused by pile driving,
it is necessary to understand the dynamic behavior of the
ground. Pile driving causes three major types of ground
waves. First, there is a pressure wave which is a body
wave of oscillating compression and rarefraction. This
wave is radiated on a spherical wave front and travels at
a relatively high speed. The pressure wave attenuates
with distance comparatively quickly owing to its three
dimensional dispersion. The second wave type is the shear
wave, also a body wave radiated on a spherical wave front.
The shear wave travels at a lower velocity than the com-
pression wave. The shear wave is similar to a wave travel-
ing along a rope resting on the ground and 'whipped' at
one end. The third wave type is the Rayleigh wave. This
is a surface wave similar in nature to a water wave and
travels within the top 6 - 30 feet of soil.
The impact of a weight striking the ground will gener-
ate the three types of waves described above. At any point
on the ground surface the pressure wave arrives first, fol-
lowed by the shear wave, and finally, the Rayleigh wave.
The pressure and shear waves will travel faster through the
harder materials. When examining a vibration record
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generated by pile driving, it is many times difficult to
distinguish the arrival of the three types of waves. This
difficulty is due to the addition of components reflected
from the boundaries of various strata. With regard to im-
pact pile driving, soil is set into oscillation by the com-
bination of two phenomena. First, the initial hammer im-
pact sets the soil into motion producing the three types of
waves described above. Secondly, the pile tube is set in
vibration in the elastic medium of the soil. The tube vi-
brates at a frequency which depends on the weight of the
pile and the resilience (or effective spring rate) of the
soil surrounding the pile. The resilience is due to the
shearing elasticity of the soil surrounding the pile and the
compressional elasticity of the soil under the bulb of the
pile. As the pile (or pile tube) is driven into the ground,
its length above ground decreases which increases the
natural frequency of the pile remaining above the ground.
From observing driving records, the frequency of the ground
vibration from Franki pile driving is independent of depth
and remains constant. As a result one concludes the ground
vibration is a function of the soil type surrounding the
pile.
2.2 Response of Humans to Vibrations
Research has been conducted on human response to
ground vibrations. In 1931 Relher and Meister performed a
24
study in which healthy young people were subjected to a
varying range of frequencies and amplitudes of continuous
sinusoidal vibrations. The reactions of the people were
classified and are presented in Fig. 2.1. Measured Franki
pile vibrations are of such intensity that that fall within
the classification 'Just perceptible' to annoying' even
at considerable distance from the source. It is even
possible to be in the unpleasant, range with pile driving.
The Reiher and Meister study foundthat severe vibrations
to persons come at a range 1/5 of that needed to damage
structures.
Fig. 2.2, from Lul, Kinner, and Yegian** (1974), shows
that particle velocities greater than 0.5 in./sec. are con-
sidered to be very annoying to people, while particle vel-
ocities of 0.01 in./sec. are Just perceptible to humans.
The Fig. 2.1 study was conducted with a continuous-
ly rotating unbalanced motor producing sinusoidal aotions.
As a result, the maximum velocity, V, is equal to fumax, and
the maximum acceleration, a, is equal to f2usaxfor a. given
frequency, f.* In general, the sinusoidal wave approximaton
is not a correct approximation for a transient wave such
as in pile driving. There is no reason to believe the tran.
*since u = umax sin ft, = du/dt = fumax cos ft =
V cos ft, therefore V fumax, similarly, a- -t:2uaa
**obtained data from personal communication with Professor
Whitman, MIT, 1974
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sient wave is sinusoidal. Even though this assumption is
commonly found in the literature.
A study was performed by Wiss and Parmelee (1974)
on human perception to quasi transient waves of limited
duration with decay. The decay rate called the damping
is usually expressed as a fraction of critical damping.
Critical damping is the minimum amount of damping that
will cause a system to return to its original position
without oscillating, after the system has been displaced
from its equilibrium position and released. The equation
for computing the critical damping fraction, , is ex-
plained in Section 5.1.
Including damped sinusoidal waves of limited duration
in the human perception, results in a more close represent
tation of the transient wave of pile driving or blasting,
Fig. 2.3 compares results of Reiher and Meister with Wiss
and Parmelee for 8= 0. Note that the Reiher and Meister
study is the same data presented in Fig. 2.1 with velocity,
fumax, plotted against frequency, f. In the Reiher and
Meister study each person was exposed to steady-state motion
for 5 min., while in the Wiss and Parmelee study the ex-
posure was 5 sec. The differences in vibration imply
that continuous sinusoidal motion (without noise)a re
more noticeable than sinusoidal motions of limited dura-
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tion.
Fig. 2.4 shows plots of human perception with ' =
0.02 and 0.04, which are , values commonly found in build-
ings. In order to form these plots the author had to as-
sume that the vibration ratings or perception levels were
frequency independent, such as the plot directly from Wiss
and Parmelee on Fig. 2.3. But, Reiher and Meister found
that annoying, unpleasant, and painfull ratings were fre-
quency dependent. One does find from Fig. 24 that as
increases the vibration ratings increase or become less
disturbing to humans. Therefore, pure sinusoidal vibra-
tions of limited duration are more annoying to people than
transient vibrations (>0) for a given amplitude of vi-
bration.
2.3 Response of Buildings to Vibrations
Much work has been performed in the area of vibra-
tion damage to structures. Here two figures will be pre-
sented to compare building reponse to human reponse. Fig.
2.5 is based upon the reasearches of H. W. Koch (1953) and
et. als. for strucures in good repair. Comparing this fig-
ure with Fig. 2.1 of human reponse shows that damage to
buildings must be anticipated if the vibration comes into
the 'annoying' range of human perception. Caution is nec-
essary in applying Fig. 2.5 to old buildings which have
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strained in any way. Fig. 2.6 is to be compared with Fig.
2.2 . The theshold of major damage on Fig. 2.6 has been
proposed by many researches to be a particle velocity of
2 inches/sec. Plotted on Fig. 2.6 are the results from
Hendron and Oriard (1972) for a frequency range of 5 to
100 HZ. Nicholls and others (1971) have combined the
Bureau of Mines data as well as data from Edwards, North-
wood and Langefors obtaining the same theshold damage lim-
it. Nicholls frequency range was from 1 to 1000 HZ.
2.4 Previous Studies on Pile Driving Vibrations
A few studies on pile driving vibrations have been
performed but none specifically toward the Franki type
pile. Some studies have been theoretical while others,
like the authors, have measured vibration levels and pre-
sented attenuation plots.
Results of a study by Wiss (1967) are shown in Fig.
2.7. Here the velocity, V, is plotted against the square
root of the piles energy divided by the range, R. The
data in the graph is a combination of results from the
driving of sheet piling, wood piles, and H piles. Wiss
claims there is no difference in the vibrations produced
by the various types of piles provided all other variables
are constant. Fig. 2.7 alsorindicates the levels of vi-
brations at which human react.
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The author has assembled the constants below from Fig.
2.7 for equation 2.1.
V* = KFE) (2.1)
Table 2.1 Constants for Equation 2.1
K m
wet sand 0.277 0.996
dry sand 0.178 0.996
clay 0.110 1.49
A study was performed by Attewell and others (1973) with
pile vibrations from H piles, driven sheet piles, diesel
hammer driven piles, and driven circular mandrels. The fol-
lowing equation for design purposes was proposed.
V= 0.2617/E (2.2)
R
Equation 2.2 is plotted on Fig. 2.7 and falls between Wiss,
curves for wet sand and dry sand.
*Units for V are in inches/ sec., E is in ft.-lbs., and R
is in feet, for this equation
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Chapter 3
Franki Pile - General Driving Procedure
3.1 General
The Franki pile casing is driven by repeatedly drop-
ping a 7000 pound weight at a typical height of 20 feet on-
to a plugged casing (drive tube). The height of drop can
be varied and in some cases a 5000 pound hammer is used.
Though, typically, the input energy is 140,000 foot-pounds
(7000 lbs. x 20 ft.). Once the pile tube is driven to the
desired depth a bulb is formed at the end of the tube.
3.2 Installation Procedure
When installing a Franki pile, the drive tube i p-
ed at the desired location and aligned vertically. A quan-
tity of 3 to 5 cubic feet of dry gravel or concrete is
dropped into the top of the tube and tamped with the drop
hammer to form a compacted plug for driving (Fig. 3.1a).
Normally the hammer is then raised to a 20 ft. height and
allowed to drop freely on the plug. As a result the plug
is forced into the ground causing the tube to be pulled
along (Fig. 3. lb).
The mark on the cable shown in Fig. 3.2c gives an in-
dication of the plug height in the tube. If the plug was
forced out of the tube during driving, the marking on the
cable would fall below the top of tube and consequently wa-
(a) INITIAL PLUG
(c) MAKING BULB
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(b) DRIVING TUBE
(d) FORMING UNCASED SHAFT
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ter or mud could enter into the drive tube.
When the tube has reached the design depth, a pene-
tration test is commonly made. The amount of tube pene-
tration is recorded for 10 blows of a 4 foot drop height
and for 1 blow at a 20 foot drop.
The drive tube is then raised slightly by a hoist on
the pile driver and the plug is partially expelled by drop-
ping the hammer. Small quantities of zero slump concrete
are poured into the tube as the hammer is dropped from 20
feet. The space between the hammer and the tube walls is
large enough such that concrete can be poured into the tube
while dropping the hammer. This process causes an extruded
bulb to be formed at the base of the pile. (Fig. 3.1c).
Generally 5 cubic feet of concrete is needed to form the
bulb. The number of 20 foot blows required to form a bulb is
recorded in a workments notebook along with the penetration
resistance for each pile.
With uncased shafts, after the bulb is formed the shaft
is built by ramming into the soil successive quantities of
zero slump concrete while progressively raising the tube in
12 to 24 inch increments. When forming the shaft, the hammer
drop heights are generally 2 to 3 feet and a shaft 20 to 24
inches in diameter is formed (Fig. 3.1d and 3.2a). This
method causes concrete to come in direct contact with the
soil around the shaft. Thus, skin friction load resistance
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can be relied upon with the uncased shaft.
When installing cased shafts, the procedure is the
same as for the uncased shafts through the forming of the
bulb. After the bulbis formed, the hammer is pulled out
of the tube and a steel shell is placed into the tube.
Next a concrete plug is placed in the shell and driven to
achieve contact with the concrete in the bulb. The drive
tube is then withdrawn and the permanent shell is filled
with concrete. The concrete placed in the shell is typi-
cally of 3000 pounds per square inch compressive strength.
Before the concrete is allowed to set, steel reinforcing
bars are placed at the top of the shell, (Fig. 3.2b and
3.2c).
For uncased shafts water may seep into the pile's
shaft if the tube is withdrawn too quickly as concrete is
placed and tamped in the tube. Seepage is less likely to
happen with a cased shaft since the tube is withdrawn after
the shell is in firm contact with the bulb. Note also with
the cased pile that the soil around the shell is loosely
displaced. Here one does not consider any skin friction be-
tween the shell and the soil to resist the load on the pile.
Other variations in the above installation procedure for
Franki piles have been used. Many times the drive tube is
installed by a Delmag D-30 Diesel hammer which exerts a
23,870 - 54,000 foot-pound blow to the top of the drive tube
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thus, forcing the tube into the ground. A steel cap or
driving shoe is placed over the tube at the ground surface
to prevent soil from entering the tube as it is driven
through the soil (Fig. 3.2d). When the drive tube is
driven to the desired depth, the Delmag hammer is withdrawn
and the bulb of the pile is formed by the Franki hammer.
The Delmag hammer has an advantage in driving the tube
faster than the Franki hammer. Thus, when placing Franki
piles at depths of 20 - 90 feet, the Delmag hammer is com-
monly employed.
Another alterative installation method for placing
piles at large depths, is to pre-bore a hole with an
auger. Auger boring can only be performed when rocks or
boulders are not present. The purpose of auger boring is
to allow the drive tube to penetrate the ground more easily.
But the augering method requires elaborate equipment for
boring and removing boring muck.
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Chapter 4
Attenuation of Particle Velocity
4.1 Scaling Techniques
A number of variables effect the values of peak particle
motions of displacement, 6, velocity, V, and acceleration,
a. These variables are the energy released during the
explosion or impact, E; the coupling of the energy released
within the ground; the configuration of the medium or the
layering effect, the site seismic velocity, c, and the mass
density of the medium, p; and the travel distance, R. S,
V, and a are called dependent variables, while E, c, p, and
R are called independent variables.
A model similitude approach can be used to relate the
independent variables to the dependent variables even though
the exact functional relationship is not known (Ambraseys
and Hendron, 1968). The model similitude approach is based
upon the Buckingham P1 theorem, which states when there
are r dependent and independent variables in which there
are n dimensions* or fundamental quantities; these variables
can be expressed in terms of r - n dimensionless products.
Once the dimensionless products are determined the
physical phenomena under study can be better understood
through the relationship among the variables comprising a
*Mass, length, and time are three fundamental dimensions.
Illl-
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dimensionless product. Also, the number of comparisons
needed between variables is reduced to r - n dimensionless
products. The dimensionless products are ommoly compared
graphically. By plotting dimensionless products from one
study, one can extrapolate to other situations with similar
dimensionless products. Also with dimensionless plots ea-
suring units are eliminated. Therefore, with a dimension-
less plot the ft. - lbs. - sec. or the meter - gram - sec.
unit systems can be used when interpolating the plot.
Recently dimensional analysis has been *uggested for
the interpolation of blasting vibrations (Ambraseys and
Hendron, 1968; Dowding, 1971). This approach is discussed
below.
Table 4.1 presents a list of significant variables in
determining the ground motions resulting from blasting
operation.
Table 4.1
Variables Considered in Dimensional Analysis
of Explosion or Impact Phenomena
(After Ambraseys and Hendron, 1968)
Variable Symbol Dimeni
Independent Variable
Energy released E FL
Distance from the explosion R L
Seismic velocity of the rock c LT
or soil mass
sion
II I _
ml-1
Table 4.1 continued
Variable Symbol Dimension
Mass density of the
soil or rock mass FTL
Time t T
Dependent Variable
Maximum ground displacement 6 L
Maximum ground velocity V LT- 1
Maximum ground acceleration a LT-2
Frequency of the motion f T' 1
F = Force L = Length T -Time
Applying the Buckingham Pi theorem there are:
r-n=9-3=6
independent dimensionless products.
The P theorem further states that to form the dimen-
sionless products one choses n variables and combines them
with each of the other variables, one at a time (Li and
Lam, 1964). If one choses E, R, and c* and combines these
variables with the other variables - V, a, f, a, t, p. The
following dimensionless products are obtained: 6/R, V/c,
aR/c2, Rf/c, tc/R, and E/(pc2 R3 ). Depending on the initial
chosen n parameters other dimensionless products can be
formed. For example, choosing E, R and f and combining
with c, a, V, 6, t, p, one obtains Rf, , V , 6, ft, E
c f R Rf R Rf 
*The chosen n variables must not form a dimensionless pro-
duct by themselves.
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as the dimensionless products. The Pi theorem further states
that the above six products may be raised to any power, any
two or more products may be multiplied together, and any
one product is a function of the other products.
Even though , V, and a are dependent variables, that
is, they depend on the independent variables, they also are
functions of themselves. For the Pi theorem states one
dimensionless product can be written as a function of the
other dimensionless products and makes no distinction in
regard to independent or dependent variables.
Problems can arise with dimensionless analysis by
choosing too few or too many initial variables. A problem
is in determining what variables enter into the problem. In
the example shown above, if the variable p was left out of
the original variables, thinking it had no effect on the
other variables of 6, E, f, V, a, R, c, and t, the following
dimensionless products could be formed.
choosing initially - E, R, c -
combining with - f, t, a, v, 6
Thus, obtaining the dimensionless products of
Rf/c, R/(ct), a/(c 2R), V/c, SR
Here the variable E doesn't enter into any of the dimension-
less products. But E is a major variable in the blasting or
pile driving analysis. Since p and E are the only variables
with a force term in them, both of them would have to ap-
pear together in a dimensionless product in order to cancel
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the 'force' term. Leaving p out of the analysis results in
omitting E. Including variables not necessary in the dimen-
sional analysis, that is, a variable that remains constant,
may unnecessary complicate the problem.
Dimensional analysis does not solve any problems, but
helps to eliminate many comparisons by grouping variables
together into one dimensionless product. The numerical
values of the variables have to be obtained by experimenta-
tion and/or measurement and the results plotted. The cor-
rect method of plotting results is to plot one dimension-
less product against all the rest. Dimensional analysis
gives the following results, for the blasting vibration
example.
V/c = function(aR/c2 , Rf/c, tc/R, 6/R, E/(pc R3))
or
Since, plotting can be performed only with one dimen-
sional product plotted against another product, four dimen-
sional products would have to remain constant, while the
two remaining products would change their value during the
experiment. Such as shown below.
Tr.
2 -r3 , r-4 , Tr5 are constant
7r.
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A problem is created for a true dimensional analysis
because ,T,r3jT4, and T5 cannot be held constant while
rTI and r6 are allowed to vary since variables in
rj ; and 16 are also in other T'S .
Instead an approximate analysis is performed by varying
TT and -g6 and plotting the results, while the other
dimensionless product are ignored. Other plots are also
made choosing different combinations of any two dimension-
less products. Though not completely correct, this method
is better than plotting one variable against all other
variables.
In this paper plots will be made with two dimension-
less products using log versus log paper. The basis for
the log-log comparison is the supposed exponential attenu-
ation of a, V, and s over distance. That is, the dimen-
sionless products vary from each other in a logarithm man-
ner as shown below.
log 
log Tij
In which n is the slope of a straight line approximation of
the log lri versus log n-w plot, while 111 and j represent
any two dimensionless products.
-r (constantX-rrn -n
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4.2 Seismic Velocity Calibration
The seismic shear velocity was obtained by first re-
cording the phase velocity. Recording pickups are place a
known distance apart, h. These pickups are shown in Fig.
4.1 by the numbers and 2. From the differences in arrival
times, a phase time, t, is obtained. Thus, the phase ve,
locity, c, is h/t.
As explained previously, the compressive wave arrives
first, followed by the shear wave, and finally the Bayleigh
waves arrives. In practice it is difficult to distinguish
the arrival times of these three wave types. This is be-
cause of the reflection of wave fronts combining to form a
distorted wave pattern. Instead a phase time, t, was re-
corded base on the first dominant peak of particle velocity
(see Fig. 4.1). This is believed to be the shear wave are.
rival time, but may not be for all cases. With regard to
the dimensional analysis plots, which necessitated the re-
cording of the seismic velocity, any seismic velocity or
phase velocity could be used as a variable as long as con-
sistency is followed. The author has used the shear seis-
mic velocity, Cs, in the dimensionless plots.
Fig. 4.1 shows the assumed relationship between the
pickup geometry and the pile, from which the calculated
seismic shear velocity was obtained. Shown in the figure
are two methods for determining the seismic shear velocity.
h 
PICKUPS
I rI~ AEd Os
c = PHASE
I h 2F c II ,
el/ '9/S
VELOCITY = ht
PICKUP NO. 2
RECORD
CRAMER
PRO4CT
VERTICAL PARTICLE VELOCITY
At = h s
c cs
4t o
- '111
or Cs =m
h
RIR - R
t
RECORD
C (COS e")c
(4.2)
VELOCITY DETERMINATION
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Both methods give slightly different answers. Equation 4.1
was used to determine the Cs values in Table 4.2. Sinoe Cs
is not constant with depth, the Cs. obtained by this method
is only accurate within a few feet below the ground surface.
If one further assumes a uniform soil deposit with onstant
C8 , the Cs obtained would represent an average value over
the depth, d, considered.
In order to determine a C value which is more repre-
sentative of soil the h distance was varied giving different
values of t. As a result a plot of the h values was plotted
against the corresponding t values. The slope of this plot
at any point is the phase velocity. Such a plot is shown in
Fig. 4.2 from which an average phase velocity is obtained.
An average phase velocity can also be obtained for other
case studies, where more than one h and t value are obtained.
In recording the c velocity in the field it is best to
make h as small as possible, so as to make e' and e as equal
as possible, since equality of ' and e"is assumed in the
analysis. Only the relative geometry of the pile bulb and
the pickup locations are needed to calculate and e".
Table 4.2 has the calculated values e' and e"as can be seen,
they vary quite extensively. This is because of the equip-
ment employed in this study had an limit of accuracy in re-
cording the t values for small h values. For example, for a
seismic velocity of 5000 ft./sec. the two pickups would have
to be placed a distance of 100 feet apart in order to get an
RECORDS FROM CHARLESTOWN HIGH SCHOOL PROJECT 51
LOCATION NO. I
LOCATION NO. 2
LOCATION NO. I
LOCATION NO. 3
LOCATION NO. I
FIG. 4.2 TYPICAL RECORDS FOR THE DETERMINATION
OF THE PHASE VELOCITY
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accurate t reading. The seismograph can be accurately inter-
pret only to 0.02 sec. therefore, h = 100 = 5000ft./sec.
Since compression wave velocities are in this range and
sometimes larger, it was difficult to obtain these values.
It was found that eq. 4.1 or eq. 4.2 gave Cs or Cp
values of the same order. As a result the criteria of
e'a8" did not seem important.
It is probably best to use the phase velocity, a,
to supply one of the site parameters needed for each
field case in order to normalize the data. This is because
the phase velocity can be obtained without assumption, where-
as, the shear wave velocity, Cs, is dependent upon the
assumption of path linearity and consistency with depth.
Table 4.3 gives values of Cs values commonly observed
in earth materials. This table or the values recorded in
the case studies can be consulted to obtain the Cs value
when field data is not available.
Table 4.3 Typical Shear and
Compression Wave Velocities
(After Whitman, 1973)
Description Cs(ft./sec.) Cp (ft./sec.)
Soft clay 490 800
Medium clay 820 1350
Dense sand 1150 1890
Cemented sand 1480 2425
Soft rock 1970 3235
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The compression seismic wave velocity, Cp, is relat-
ed to the Cs value by the following formula.
Cp = /2 I+Y Cs (4.3)
Using a value of = 0.35, the Cp values n Table 4.3 were
calculated from the Cs values with equation 4.3.
Table 4.2a&b presents the seismic velocities gathered
from various field studies. Only a few Cp values were ob-
tained as explained earilier due to instrument accuracies.
The Mass. Eye and Ear Project and the NDP Housing Projects
resulted in unusually low Cs values. Noting that in these
projects piles were placed at great depths. Therefore,
the seismic waves travel upward at larger angles (e")
than at other projects. As a result the cos e" value is
much less than one, thus, resulting in a smaller C value.
Also, as waves propagate more vertically upward the accuo
racy of the phase velocity is lessen due to reflection of
the seismic wave as it travels upward through the soil lay-
ers.
4.3 Attenuation Relationships Separated Accordzln to
Idealized Subsurface Profiles
Scaled plots of data from similar idealized soil pro-
files are presented in this section. The graphs can be
used to predict particle velocity when only the soil pro-
file is known. For cases in which the Cs value is not
known an suggested value is given. Even when a Cs value
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is known and it varies largely from the recommended value,
it is best to use the recommended value with the graphs
(particularly when the soil profile is known).
Figures 4.3 and 4.4 presents the combined data from
three projects in which bulbing was performed at depths
of 64 to 86 feet. The tube was driven in all cases with
the Delmag hammer. All points plotted on the graph
(represented as dotes) represent vibrations resulting from
bulbing. The following equation would estimate the par-
ticle velocity for all three components. The equation
is most conservative, that is overestimates the particle
velocity for most cases.
V/C -. 1 IIR(PCs21/31 -3.041
E J
Presented below are constants for attenuation rela-
tionships of peak motions in three other frequency en-
countered idealized soil profiles (Figs. 4.5, 4.6, & 4.7).
Again these equations apply to all components of particle
velocity. [R( pCS2)1/3lm
V/Cs = K E1 /3 J
TABLE 4.4 CONSTANTS FOR THE ATTENUATION EQUATIONS
Fig. K m
4.5 0.9919 -2.239
4.6 7.467 -2.729
4.7 0.7478 -2.194
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4.4 Variation in Particle Velocity Over Depth
Some particle velocity data was collected as the tube
was being driven with the Franki hammer (Figures 4.8 and
4.9). The two figures reflect the effect the geology of
an area has on the particle velocity.
For the Drake Village Project the particle velocity
is about constant with depth. The only large variation was
when the pile's bulb was formed at the base of the pile,
in which the vertical component decreased largely. This
decrease may be due to the holding of the drive tube during
bulbing which restricts tube motion.
At the Medi-Mart Project large vertical particle ve-
locity was observed as the drive tube was first driven,
while the longitudinal and transverse components were near
zero (see Table ME1). A layer of fill soil overlies a
peat layer. This soil profile is analogous to a board
floating on water. The board can be rocked easily when
struck and so can the fill layer lying oer the peat.
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Chapter 5
Response of Buildings to Pile Vibrations
5.1 Single-Degree-of-Freedom Model
To determine the damage potential of a passing earth-
wave it is best to consider the earthwave's effect on a
structure. Ideally one would like to consider a modeled
structure and to compute displacements of the structure
caused by an earthwave. If one knows the relative dis-
placements between the ground and the structure, a dynunl-
cally induced stress can be determined for the structure.
When considering a modeled structure, the model must
incorporate the masses and stiffnesses of the main compo-
nents of the structure. The model must also consider the
dissipation of energy that is absorbed by the structure.
Such a simplified model is the single-degree-of-freedom
system shown in Fig. 5.1a. The spring represents the
stiffnesses of the main components; the concentrated mass
is analogous to the mass of the whole structure; and the
dashpot models the dissipation of energy. u, is the dif-
ferential movement between the abolute displacement of
the mass, x, and the absolute displacement of the ground,
y, at any time t.
Fig. 5.lb, which has all the components of Fig. 5.1la,
shows how a modeled structure of a one- or two-story build-
ing behaves when movement in one horizontal direction is
x
&
C I
x(t) - y(t)
(a)
m
rIwI I I'
r
I
r·
u(t)= (t)- y(t)
(b))
FIG. 5.1 SINGLE-DEGREE-OF-FREEDOM
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considered.
The differential equation for the single-degree-of
freedom systems in Fig. 5.1a and 5.lb when considering free
vibration is:
m + c + ku = o, (5.1)
where i is the absolute acceleration of the mass, m, clis
the viscous damping coefficient, is the velocity of the
mass relative to the ground, k is the linear spring con-
stant, and u is the relative displacement between the ground
and the mass.
Using the relationship for the relative displacement, u,
x(t) = u(t) + y(t), (5.2)
Equation 5.1 becomes
mu + cl + ku = -my. (5.3)
The solution to equation 5.3 for relative displacements
at any time, t, may be expressed in terms of an integral of
the absolute ground-acceleration time-history as
u(t p 11S,62 y('1) e- 8 p(t T) sin( Pd (t-)) d I (
where u and fi are zero at t(o) (Veletsos and Newmark, 1964).
p, is the natural circular frequency of the undamped spring-
mass system which is equal to V/k7 The fraction of critical
damping, , is equal to cl/(2Ai-). For/? equal to 1 the
mass will not oscillate when it is displace and released from
its equilibrium position. The natural circular frequency
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of the damped system, Pd' is equal to I- 2. The ground-
acceleration time-history, is represented by y(t), where,T,
is the variable of the integration. The ground-acceleration
time-history is integrated from time zero to time t.
Equation 5.4 yields the response of a single-degree-
of-freedom system to a ground acceleration time input his-
tory. If one integrates equation 5.4 by parts and combines
the terms, the results is
t
u(t) =.() e P(t- T ) cos(Pd'(t-.[)) d'I
f/IB. _ sin( Pd (t-l))dT
(5.5)
where u and are zero at t(o). Here (t) is a ground
velocity time-history input.
With the following relationships:
CI
=-~ E~7 _and p Jk/
(5.6)
with equation 5.3, the following equation can be obtained.
U+2Bp + p 2u =-y (5)
From the equation 5.7, it can be seen that if p andS are
known, equation 5.7 can be solved without having to assume
the values of m, k, and cl. Values of p and can be obtained
from an actual free vibration time-history of a structure.
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Values of m, k, and cl are difficult to quantify, such
as the degree of fixity of the columns which effects k.
A record of free vibration of a structure was measur-
ed by the author in Fig. 5.2. The record is a longitUdi-
nal velocity time-history recorded next to the building
wall on the floor. The damped natural period, T, is ob-
tained from the free response part of the velocity-time
history as shown, along with the value of 6. # was
found to be about 0.03. Since damping fractions for un-
damaged structures are typically 2 to 3 percent, p will be
about equal to Pd. For example, if 9 is assumed equal to
3 percent, and using the relationship Pd = P J1-- , one
obtains Pd = 0.9995P. Concluding, Pd = P
5.2 Response Spectra
The previous discussion has dealt with the response of
of a particular structure to a passing earthwave. The re-
sponse spectra plot enables one to consider the effect of
different types of earthwaves on a wide variety of struc-
ture s.
By developing a computer program to evaluate equa-
tion 5.5 for a velocity-time input wave motion, (t), with
a specified value of 9 and Pd a u(t) is obtained. Repeat-
ing this caluation for various values of Pd and f9 one ob-
tains the response of a number of buildings each having a
9 and Pd value. These responses are plotted on the re-
70
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sponse spectrum plot.
The type of response plot used in this study is shown
on Fig. 5.3. The response in this particular spectrum is
given in terms of the pseudo-velocity, pD, which is the
maximum relative displacement, D ( umax), multiplied by
the natural circular frequency, p.
The special type of tripartite paper on which the
response spectra is plotted has two inclined axes. One
inclined axis represents the maximum relative displace-
ment, u, and the other inclined axis represents the pseudo
acceleration, p2D.* The two inclined axes and the ordip
nate coordinate, pD, are functions of the relative dis-
placement and the natural frequency of the system.
The pseudo velocity, pD, obtained from the response
spectra can be used to determine flexural stress and
strains in structural components. Also, obtained from the
response spectra is the pseudo acceleration which approxi-
mates the absolute acceleration, . From the absolute
acceleration the base shear acting on a structure can be
determined. To find how well the pseudo acceleration,
p2D, approximates the absolute acceleration, , a zero is
*p2D and pD are called pseudo acceleration and pseudo velo-
city because they are sinusoidal approximations. Bt these
pseudo values closely approximate the absolute aocele*ation
of the mass and the relative velocity of the system,
(Veletsos and Newmark, 19 64)
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substituted in equation 5.7. And using equation 5.2, one
sees that x =-p2u. Most f values for building motions
are less than 5%, which ustifies the assumption =-p2u.
The response spectra is commonly calculated by a
computer because of the many computational steps involved.
As a result, methods have been devised to simplify the
calculation of a spectrum. A common method consists of
multiplying values of the maximum ground input accelera-
tion, a, displacement, 6, and velocity, V, by approximate
values of amplification factors.
Three bounds of the response spectra are determined
by the amplification factors which are As, A, and Aa.
The subscripts on the amplification factors indicates the
the values of 6, v, or a corresponding to the amplifica-
tion multiplication factor.
The ratio of the natural frequency of the system to
the principal input frequency of the earthwave being ana-
lyzed, p/w, indicates which bounds are appropriate. When
p/w is extremely small or large the system's response is
the same as the input displacement and acceleration, re-
spectively. For example, at low p/'s the response spe.-
trum is subparallel to the peak input displacement. This
portion of the response can be approximated by an amplifi-
cation factor, As, multiplied by the peak ground displace-
ment,6. At values of high p/b's the response spectrum is
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subparallel to the peak input acceleration. This portion
of the response spectrum can be approximated by an ampli-
fication, Aa, multiplied by the peak ground acceleration.
The interior region of the spectrum can be specified by
an amplification factor, Av, multiplied by the peak
ground velocity, V.
For earthquake motion of A6, Av and Aa are commonly
determined for various recorded earthwave motions. The
bounds of the response spectrum are estimated by multiply-
ing the value of , V, and a by the appropriate ampli
floation factor. The: resultant bounds delineate-the ap-
propriate response spectrum for earthquake design. The' am-
plification factors vary as a function of the type of
system, that is 9 values and the type of earthwave input.
The larger the value of , the smaller the amplification
factor will become.
5.3 Results of ProJect Studies
5.3.1 Introduction
This section summarizes calculated response spectra
from nine project studies of Franki pile driving induced
ground motion. Also included is one blast-induced grouiu
motion for comparison. At two Franki sites building mo-
tions were monitored in which realistic damping fractions,
, were recorded. Details of the monitoring of these
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ground motions are presented in Appendix A.
Other appendices supplying background data for this
section are Appendix C (Field and Digitizing Instrumenta-
tion) and Appendix B (Digital Computer Analogue of the
Single-Degree-of-Freedom System). Appendix C contains
further details concerning the effect of the pickup place-
ment and limitations of the instrumentation. Appendix B
contains a detailed description of the preparation of the
measured time-histories of ground motion necessary to
numerically solve equation 5.4 or 5.5, and to obtain the
first integral or the displacement of the ground motion.
5.3.2 Measured Structural ResDonse
As previously mentioned, the author was able to record
the reactions of two structures while recording the ground
motions adjacent to the strucutres. It was therefore pos-
sible to compare the measured response of the structures
with the calculated response of the single-degree-of-free-
dom model. The modeled response was calculated with the
adjacent ground motion, and the free-vibration natural pe-
riod, T, and the critical damping fraction, , of the
structure, as explained in Section 5.1.
Table 5.1 compares the calculated and the measured
response, where Vmax is the maximum velocity response of
a structure from a ground vibration. The calculated re-
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sponse, Vealo, is found using a measured a (always equal
to 0.03) and a measured damped fundamental frequency, f,
with the computer program. V is the particle velocity
adjacent to the structure in the ground.
At the Joyce Chens Project a 8 value of 0.03 was
obtained from the wall motion in the transverse direction
or perpendicular to the wall. The Drake Village Project
recorded the same value of 8 on the floor slab of a ga-
rage in the longitudinal direction (toward the pile).
The fundamental frequency, f, of two structures are
shown in Table 5.1. Comparing these frequencies with a
predicted formula from the Structural Engineers Code of
California gives good agreement for the Drake Village
Project. The formula recommends that the period, T, may
be estimated by multipling the number of stories of a
structure by 0.1. With this approximation the fundamental
frequency, f, of a single-story structure is 10 cps. At
the Drake Village Project motion was recorded in a one
story garage. The floor slab freely vibrated in the lon-
gitudinal direction only, with a frequency of about 7 ps.
Vertical free vibration was not expected since the floor
slab was heavily damped by the soil under it. Window sill
motions were the largest in the garage (0.281 in./sec. ver-
tical, bulbing), but no free vibration was recorded. The
recorder may of been rocking on the window sill and thus
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not indicating any free vibration. All free vibration
readings were observed at a depth of about 20 feet when
the pile's bulb was being formed.
The response monitored on the Joyce Chens building
occurred at a frequency of 17 cps. This two story build-
ing should have a frequency of about 5 cps (f 1/T =
1/ 2x0.1). Two possible reasons for the high measured
frequency are: a frequency of 17 cps represents a mode of
vibration not considered by the single-degree-of-freedom
model, or the motions recorded are that of the walls and
not of the structure. The latter explaination is the more
likely case.
5.5.3 Comparisons of Response Spectra
Looking at response spectra in Appendix A, little
noticeable differences in the general shape is observed.
The peak particle velocity always seems to occur at or
near 20 cps frequency. This seems true for driving the
tube or forming the bulb, or for bulbing in firm soil or
less firm soil.
But, at the Medi-Mart Project the response spectrum
peaked at about 4 to 8 cps (Fig. ME4). This happened
for an input motion record in which the ground freely
vibrated. Since one-story buildings freely vibrate close
to 10 cps, response spectra which peak at this frequency
are most harmful to this type of building. That is, if
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two response spectra peak at the same pseudo velocity,
but different peak frequencies, the response spectra clos-
er to 10 cps will excite a one-story building more.
It was observed how the frequency of the input motion
affected the response spectrum. Comparing Fig. ME5 and
ME6 in Appendix A, Fig. ME5 peaked at a frequency of about
8 cps, while Fig. ME6 peaked past l0cps. Though this dif-
ference is small, a trend is observed in the vibration re-
cords. Records with lower frequencies have a response
spectra which peaks at lower frequencies. The records
used to calculate Fig. ME5 and ME6 are shown in Fig, ME8-
(b)&(c). As can be seen the two records have near iden-
tical V values, but different frequencies. This lower
peak response trend for low frequencies can also be seen
with Fig. ME8(a) and Fig. ME4.
5.3.4 Simplified Method to -Determine the espose
Spectra
The response spectrum can be drawn by knowing the
peak ground motions (particle displacement, 6, particle
velocity, V, and particle acceleration, a) along with
the corresponding amplification factors, As , Av, and Aa.
The author has assembled in Table 5.2 such data for the
projects studies. Unfortunately no ground acceleration
values were obtained therefore, no A could be calculat.
ed. As discussed in Section 5.2 to describe the bounds
TABLE 5.2 CORRECTED, PARTICLE VELOCITIES AND PARTICLE
DISPLACEMENTS WITH APPROPRIATE AMPLIFICATION
FACTORS
V
(in./sec. )
1.813
0.339
1..138
A6
1.3
1.5
1.0
Av Cmpo-
nent
2.5
3.8
2.5
V
T
V
1.7 3.6
1.7 .5
2.3 4.0
1.9 3.2
1.1
1.2
1.7
2.2
2.7
4.5
Brookline
Village
Sagamore
Towers
Drake
Village
E-14-C 0. 00943
E-14-C 0.00831
120
120
0.01076
0.00758
31 0.00556
31 0.00352
Charles-
town
Medi-
Mart
Di 1(1)
Dl (1)
1
1
2
0.00286
0.00535
0.00193
0.00745
0.00159
0.390
0.334
0.852
0.339
0.139
1.4 4.i
1.1 6.3
1.5
1.6
1.9
3.0
3.2
3.0
Pile
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Project
Joyce
Chens
6(in.)
1
2
3
0.0132
0.00241
0.0177
Mass.
Eye &
Ear
NDP
Housing
Cramer
Elect.
109
109
K-3-C
K-3-C
1
2
5
o. 00179
0.00285
0.00101
0. 00136
o. 0031
O. 00 02
0.00237
0.137
0.221
0.113
0.125
0.759
0.321
0.176
L
T
T
L
V
V
V
0.741
0.775
1.106
0.973
0.678
0.526
2.0
3.9
3.6
2.7
V
L
T
L
1.4
1.2
1.4
1.4
1.4
t.7 5.3 T.9 T
T
L
V
V
V
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of the response spectrum one would multiply the values of
V and 6 by the corresponding amplification factor, The
flaty velocity bound stretches between 10 and 20 ps,
while the displacement bound would stretch from 0.3 to
10 cps.
5.3.5 Response Spectra Causing Damage
A study by Dowding (1971) included data on response
spectra that caused building damage, in which such response
spectra were calculated and the results plotted. Fig. 5.4.
shows the damage bounds due to blasting vibrations. Also,
included on the figure in one of the largest responses re-
corded from the author's project studies. The damage
bounds due to blasting vibrations refer only to well con-
structed single- and two- to three-story structures.
The spectrum bounds have to be reduced for the protection
of old or poorly constructed structures.
5.3.6 Problems With Predicting Building Motion
The response spectrum has been shown to be a useful
tool in estimating structural response and for determin-
ing fundamental frequencies of structures and structural
components. But some parts of a structure vibrate at dif-
ferent fequencies than other parts. Care must be exercis-
ed in selecting the proper position for ground-motion
measurement. Placing the recording instrument outside the
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structure within a couple inches the structure is not
recommended by the author. This is what was done at the
Joyce Chens Project. As a result the calculated response
overestimates the measured response. This is because the
building motions can effect the ground motions near a
structure by reflection. Observing Table C1 in Appendix
A, the (*) marked piles indicate the instrument location
was next to a building. One sees that for the same R and
E, the motions are larger for the (*) marked piles (com-
pare pile 1 with piles 4*, 5*, and 6*). The transverse
and longitudinal components are larger for piles 4*, 5*,
and 6* even though the scale range, R, is larger.
One has to experiment with the recorder location in
order to determine the best input motion for a structure.
From Appendix A, Fig. D5 would predict the building motions
better than Fig. D4. Fig. D5 is a response spectrum of '
ground motion 15 ft. from a building, while Fig. D4 is
from ground motion 2 in. from the buildings all. Based
on observed vibration levels in the building, Fig. D.5
gave a more realistic building response.
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Chapter 6
Legal Aspects of Pile Driving
6.1 Type of Complaints
Liability resulting from pile driving can occur in
three different forms: being negligent; the conducting an
intrinsically dangerous operation; and causing a nuisance.
Some states hold that there is no liability for such
vibration damages unless there has been negligence on the
part of the pile driver. This is the rule in New York,
Alabama, Arizona, Kansas, Kentucky, Maine, Massachusetts,
New Jersey and Texas. Negligence would have to be prov-
en in order for a contractor to be liable (137 Conn. 562).
Continuing to operate a pile driver while knowing
of damages occuring would constitute negligence. A e-
fendant might argue that the continuance of the contract
with the only economically praticable method to finish
within the time required is not negligence.
In determining whether the pile driving damage was
inevitable, the test is not whether the method employed
was absolutely necessary, but whether in choosing another
method so as to avoid damage the expense would be so great
as to make any other method impractical.
A quote on the meaning of an intrinsically danger-
ous situation comes from a Connecticut case. "A person
who uses an intrinsically dangerous means to accomplish
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a lawful end, in such a way as will necessarily expose
the person of another party to the danger of probably
injury, is liable if such injury results. Even though
all proper care is used" (98 Conn. 51).
It might be difficult to label a pile driving opera-
tion as intrinsically dangerous. For an automobile can
be also dangerous if not controlled properly. Intrin-
sically dangerous work is work that is necessarily atten-
dant with danger no matter how skillfully or carefully
it is performed. It may be proper to impose absolute
liability without fault, whenever a pile driver is used
(137 Conn. 562).
The term "nuisance" as a ground of liability usually
results in confusion and frequently is a method of avoid-
ing precision in analysis. It might mean interference by
someone with another person's use and enjoyment of land.
Liability in such action should be based on the grounds
the interference was intentional and unreasonable or re-
sulted from conduct which is negligent or reckless.
Public policy allows that private citizens should be
compensated for damages to their property caused by vibra-
tions. Nearly all urisdictions accord the right to reoov-
er for damages caused by rocks hurled on one's land from
their neighbors, explosions of dynamite. Such rock hurl-
ing damages could form a basis of recovering on trespass.
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Damages for injury caused by vibration could not be re-
covered in an action of trespass because vibrations are
not a physical invasion of the real property. Trespass to
real property is the act of directly injuring that prop-
erty with force (52 Am. Jur. 836). Such recovery is only
possible where there has been nuisance or negligence.
A defendant may make the claim that public policy
would prevent the application of liability to the case
where blasting or pile driving is done with a contract
with a governmental organization. The argument is that
the social value of the use of dynamite in a public work
outweights the risk of damage resulting from vibration.
Therefore the rule of liability ought to be relaxed for
such a case.
Looking at the viewpoint of a property owner, damage
to his property is ust as real when it results from vi-
brations in connection with a public works as with a pri-
vate enterprise. The advantages to society of a public
work are not as great as to require that private citizens
should suffer without compensation. Moverover, there
should be no relaxing of the liability for the public work
case.
The measure of damages would commonly be the diminu-
tion in value of the plaintiff's property caused by the
defendant's pile driving. The diminuation in value could
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be determined by the cost of repairing the damage. The
cost of repairs should not exceed the former value of the
property over what is was before it was damaged.
6.2 Authors Solution
Unlike blasting, pile driving is more of a gradual
damage induced process. One pile blow at normal distances
will not usually cause severe damage to a building. There-
fore, when piles are driven next to a building cracks
may slowly appear and any settlement caused by the pile
driving will occur gradually. If proper monitoring is tak-
ing place, the contractor will know his pile driving is dam-
aging to a nearby building.
Negligence could be an issue here if the contractor
continues his pile driving knowing damages are occurring.
The contractor may have no other means of placing piles
and the specifications call for piles to be used as a foun-
dation. The contractor has no options to him, but must
continue his driving process in spite of the damages he
is causing.
If there was a contract and the damage was not a nec-
essary result of the contract, and the contractor was neg-
ligent then the contractor would be liable. If the damages
were inevitable as the result of the contract which could
not be changed, then the contractor would not be liable
(342 Mass. 689, 692). Who would be liable in such a case
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is difficult to say. If the owner was a state highway
agency, one might want to pass the blame onto them.
It might be unfair to turn to the owner for fault.
For the owner is the man who knows nothing of the con-
struction process. He has relied on the architect or
engineer to build for him. The owner doesn't care whether
the building is on piles or not. All the owner wants is
a building which the architect r engineer is to build
at the owner's expense.
In a Connecticut case of Caporale vs. Blakeslee, a
subcontractor was found liable in damages that occurred
due to his pile driving (149 Conn. 79). Blakeslee and
Sons, a subcontractor, was driving piles in the construc-
tion of the Connecticut Turnpike. The highway depart-
ment of Connecticut was aware of the risk involved and
what they were asking Blakeslee to do. Blakeslee had no
choice of driving piles; he had contracted to drive piles
and had made his bid based on his pile driving technique.
This could be one case where the owner should accept the
responsibility of damages occurring.
If a damaging situation occurs, due to pile driving,
it may be possible to change the design. Concrete piers
could be placed instead of piles. The engineer could de-
cide if there is such an alternative and compute the add-
ed cost. This would be handled in the same way as a field
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order. Cost would be passed off to the owner. But once
a foundation is developed and initiated the cost of re-
placing portions of an existing foundation may prove any
alternative unfeasible. It may be more desirable to con-
tinue the driving procedure knowing that damages are oc-
curing. Later, if a suit is filed against the ontrac-
tor, the ontractor~ would pay for the damages which the
court decides.
The Caporale case might be a little unfair to the
contractor, but it is not grossly unfair. A calculated
risk was undertaken by the contractor in which the inno-
cent party should not bear the cost of the contractor's
risk. The defendant should make good any harm that re-
sults by his conduct even though his conduct may be free
from fault.
It may be always proper to allow the contractor to
pay for damages, for he knows better than anyone else
whether his pile driving will be damaging to a structure
or not. The experienced contractor contracts to drive
piles and should know of the risks involed. If the con-
tractor was not considered liable, he might become care-
less in his pile driving methods.
In conclusion, it is difficult to develop a stan-
dard law dealing with pile driving cases. On one side
is the innocent party, who should somehow be compensated
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for damages to his property. The other side is the con-
tractor and/or engineer trying to construct or design an
economical foundation. I tend to favor the damaged party
and feel the contractor taking the responsibility is not
highly unreasonable. Quoting a Connecticut case, "If
a court concludes vibrations caused by a defendant's
blasting operations has damaged a plaintiff's building,
the defendant is liable for that damage. Even though the
defendant exercised all proper care and is not guilty of
negligence in the conduct of his operations. The plain-
tiff is entitled to recover the costs of the repairs"
(Worth vs. Dunn, 98 Conn 51, 59, 118 A. 467).
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Chapter 7
Conclusion
7.1 General
Field measurements of Franki pile driving induced
ground motions were obtained from field studies. With
this data scaled plots of particle velocity versus scaled
range were drawn. Response spectra of a single-degree-of-
freedom system model were calculated from ground motions.
7.2 Response Spectra
The response spectra calculated from the ground
motions generally contained one principal peak with a
well defined displacement bound. The principal peak oc-
curred at a frequency of about 10 to 30 cps. The accel-
eration bound of the response spectra did not have a def-
inite shape.
Free vibration was observed from a wall on the Joyce
Chens building and in a floor slab in a garage at the
Drake Village site. At the Medi-Mart site free vibration
was observed at the ground's surface. Measured building
motion was compared with predicted calculated motion.
7.3 Scaling Relationships - Comparison
Field measurement data was used to form dimension-
less products. Such scaled products included the vari-
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ables of V, Cs, R, p, and E. Separate scaled plots were
formed with the dimensionless products taking into ac-
count the geological effect of an area.
The scaled plots have certain limitations. They
apply only to the Franki pile with energy inputs of
100,000 to 140,000 ft.-lbs. and R values from 20 to 150
ft. Thus R/E1/ 3 varies from 0.4 to 3. By using the re-
lationship,
E1/2/R = E1/6(1/(/E 1/3) (7.1)
the data from the studies of Wiss ad Attewell, etc.
can be compared with the author's study. Attewell's
data which approximates the average of Wiss' data, is
presented below in Table 7.1.
TABLE 7.1 CONVERSION DATA
E = 140,000 ft./lbs.
R/E1/3 E1/2/R R V*
(ft.)/(ft.-) 1 /3 (ft.-#)1/2/ft (ft.) (in./sec.)
0.4 18.0 20.8 4,7
1.0 7.21 51.9 1.9
2.0 3.60 103.9 0.94
3.0 2.40 155.8 0.63
* Data is from Fig. 2.7 from Attewell (equation 2.2).
To compare Fig. 2.7 with the data in-this study the
particle velocity, V, was plotted against R/E1/3 . Fig. 7.1
presents such data from nine project studies. Certain
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cases with similar soil profiles have their data com-
bined to represent the same point on the figure. Two
equations represent these plotted points. Equation 7.2
is from a line drawn directly through all the plotted
points to represent an average line. Equation 7.3 is from
a line drawn above the plotted points which would predict
the highest possible expected particle velocity levels.
For equation 7.3, two straight lines had to be drawn. One
line applies for R/E1/ 3 values from 04 to 2,0 and the
other line applies for R/E1/3 from 2.0 to 3.0. These
equations are given below.
V = 0.1581(R/E1/3)-2. 6 6 1 (7.2)
R/E1/ 3 =0.4-2.0 V = 0.6124(R/E1/3.)' 1' 2 4 2 (7.3)
R/E1/=2.0-3.O V = 18.75 (WE1/3 )' 6' 22 9
Also, presented on Fig. 7.1 is the results from At-
tewell or Wiss' average result.' Such a line lies well.
above all the points from the author's study. -'The data
from the Wiss and Attewell was from different types of
piles than the Franki pile. Energy inputs were almost al-
ways lower than the energy input of the Pranki hammer, The
final plot from Wiss and Attewell represent the largest
particle velocity readings from the combined pile data.
The author believes that much of the Franki hammer's en-
ergy is dissipated in the energy required to displace the
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soil. Also, unlike the other type piles the Franki ham-
mer energy is released at the end of the drive tube.
When driving a H pile energy is released along the entire
pile length. Though not plotted on Fig. 7.1, the Delmag
hammer data recorded in Fig. DE1 also plots below the
Attewell line.
Observing the data further on Fig. 7.1, one sees that
bulbing at depths of 80 to 90 feet gives larger vertical
particle velocity than bulbing at depths of 20 to 30 feet.
for a given scaled range. Fig. 7.2 shows two cases of
identical R values but different h and d values. As the
pickup is more nearly over the bulbing of the pile larger
particle velocity in the vertical direction is observed.
This maybe due to the reflection of waves from the bed-
rock below the pile and to energy transfered upward
through the pile's tube. In Section 4.2 this effect has
been isolated with idealized scaling plots with depth, d,
limitations.
Fig. 7.2 DEPTH EFFECT ON VIBRATION LEVELS
L hI ~ ~ ~ ~ ~I-_hh
5RJ
7.4
Scaling applies best for cases of constant energy, E,
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identical soil deposits, and constant hammer type. Using
dimensional analysis scattering of data points is less
than plotting non-scaled variables.
The energy effect can be seen from the Medi-Mart
Project on Fig. ME8(b)&(c). The figurue shows two records
with identical soil conditions but different drop height.
Yet the maximum particle velocity changes only slightly.
One possible reason for this variation may be the 4 foot
blow excites the soil at its natural frequency. This
shows that the energy can not be scaled for the Franki
hammer for this case. This would be an area for further
study.
Soil profile types have been isolated in Section 4.3
to eliminate the geological effect upon vibration inten-
sities. One sees from Fig. ?.1 that combining different
soil profiles and non-scaled variables results in greater
scattering of the data than the isolated scaled plots of
Figures 4.3, 4.4, 4.5, 4.6, and 4.7.
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Appendix A
Details of Field Studies
This appendix contains soil boring data most ap-
propriate to the piles driven, field measurements, re-
sponse spectra, and other general data gathered in the
field. Of the nine field studies, eight used the 7000
pound Franki hammer and one used the 5000 pound hammer
for forming the pile's bulb. In five of the studies the
Delmag D-30 diesel hammer was used to drive the
tube.
All piles were driven from a level surface. At
times the site was graded before driving. Since the
site was level the Pythagorean theorem was used to ob-
tain the travel distance, R, for all ases.
The unit weight of soil, , was not known from the
boring data supplied at the site. Instead an estimated
value was assumed for all cases. Since the variation of
7is not more than 20%, the assumed value of 120 bs,/ft, 3
will produce little error.
The following pages give symbols found on figures
and tables in Appendix A. The ground water as obtained
from the boring records. As a result, it may not truly
represent ground water elevation at the time of the pile
driving. In some cases the ground water elevation varied
with the tide. In any case, ground water elevations are
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not expected to vary much from the reported elevation.
Even though scaled plots make no distinction with
regard to the pile resprented by the points, determina-
tion of plotted points can be found in the data table
for each case. With the h value of a plotted point (ob-
tained from the table) one can determine the pile and
pickup location on the plan figure of the site.
The Franki hammer drop rate was about 12 blows/min.
for a drop height of 20 feet. For a drop height of 4
feet the blow rate was about 42 blows/min. From observ-
ing repeated blows on the particle velocity-time histor-
ies no vibration levels from one blow interfered with a
successive blow.
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Symbols for Appendix A
Indicates pickup location of three component
seismograph
Indicates location of vertical component geophone,
gain unknown
Indicates pile location
Means pickup reading was recording the bulbing of
the pile's base
Means pickup reading was recording the driving of
the tube of the pile
Indicates longitudinal component of the pickup
reading (movement toward the pile)
Indicates transverse component of the pickup
reading
Indicates vertical component of the pickup reading
Indicates ground water elevation
Indicates ground water elevation varies with
the tide
Distance from pile to pickup (horizontal)
Depth of pile tube
Distance from bottom of tube to pickup,R =h 2 + d2
A point on a plot that indicates the bulb was being
formed
Of 6 0
* 0
* 0
B .
D .
L .
T .
V.
xVZ.
h .
d .
R .
*'
.*l
* *
* 0
* 0
* -0
* 0
· 0
* 0
* 0
* 0
0 0
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Symbols for Appendix A continued
+ * . A point on a plot that indicates the tube was
being driven
N . . . Standard penetration N value, number of blows
required to move a 2 inch spit spoon samplier
6 inches, 1 blow is a 140 pound weight falling
30 inches
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JOYCE CHENS PROJECT - MIT HOUSING
At this project two seismographs were employed. One
was placed at the base of the Joyce Chens building next
to the outside wall on the ground. Another seismograph
was strap mounted on the building wall directly above the
seismograph on the ground.
The wall motion was mainly vertical and perpendicu-
lar to the wall. Data indicated the wall rarely freely
vibrated. Some free vibration was observed perpendictiar
to the wall. From pile 2 a of 0.03 was computed with
a frequency, f, of 17 cps.
Pile 1 produced the largest particle velocity read-
ing of all the projects which was 1.875 in./sec. in the
vertical direction.
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RESULTS OF DRIVING TUBE RESISTANCE TEST
AND BLOWS PER BUCKET (I BUCKET=5 CU. FT.)
PILE 10 LOWS I BLOW BLOWS
NUMBER AT 4 DROP AT 20' DROP PER BUCKET
(INCHES) (INCHES)
I 0.75 0.50 42
2 0.60 0.63 43
3 0.50 0.25 46
i
I
i o
,0 < >< ;x e S
2-(D (s Zc, X>,o w
( I0,,9&: .
_~ ~ o qxX x x x >(~-~
' '<i ;,~~~~~~~s
- , 6 N
0u
o3/'U! '4!oo01^A OPnlsd - d
0 o 
0 0 0 06
0
107
w
0
crz
-l
Io WO0.
Lr D
I F
i v ,I
-0
w
ci)
z0
w
cr-
>-0
00w
rr)
LL
ot SX \o /\, \> tSG
,. PI "s /,, 5 
CID
/~ , fj ~f ,/,,%'4,% %.,)X ~ ~C,qC/~~ ~¥",,/'%
I xl-<~~~~ 
z a:
z _ 7,, , ,A
, ;< .,/ X '< o 
.. , A..
zdb
ZO (E /\A 
>a. t r
\7°w 04 0
Ur) 0 0
X >,w U)- 
C W x~
DO 00 00 0
.oss/'u! '!:oi*^ opnesd -ad
0
0
0
< o
108
I-
O
0
a.
,)z
w
,i 0
P0 
0n
w
C,)
w
U)2o0
a.
nw
>
0
w(0
a
lt
(.
_ C C
O0
v
-J
- 0L w v ~ ~ ~I.. . / N AF _,, ... :X /\e o,
00 z, X X , X 
o2,0 XO /Cx:x
<3~~~~~~~> . ,
0 0 0 0
cl
*os/u! '4!oolsA one$d - d
o 9 0
109
O.0
zI
O
*-
0 3
IL 2
hi
, I
L)
z
>,a:
0W
0
I )
ct
d6
I
, 1 
110
il I [ r I I I I I ! I I [T I I I I 
H!l171Wi~r1~ i i iH
* BULBINe
+ DRIVING TUBE
OO0
FIG. J6 SCALED,
VELOCITY
FIELD MEASUREMENTS
VERSUS
OF PARTICLE
SCALED RANGE, JOYCE
TRANSVERSE COMPONENT
luu
-· i -- 1-- i -t 74
-r t tt--
-j 
-4ldi
W,
>1d.0
4I l
l i II1
:.i.
;-· i I i I tit
7'~ -'.1 .}' FTT-
.
10
!.I Hll -1 L14
I
4-! . .
._.,.:L
.i i L
s.,....iI 
i . .
I0
t. i
.; _: .
111
.1I
_1` L I-1
I
t100 
R( P C2)1/3
E 1/3
CHENS PROJECT,
I t-
'1 -- ?tt t I'I -., .1- ' FI; l II' II I- I i I I -I li il.l.. i I I ! l I I
t e i-il - , .: l llll ' ' 11- I I . . I I I I illI .ll . I.I ll 1 1 1 1 1111E I....
·- ?. d . .. I I I- ---t  II II II I ! l li lil)- c.l !|~ ~ I- I IIillllII III
i. 
.. 1!
-
-·
. q!
-- --- - ' . .
.... -'"-'I _ - ·
. ccr
--: t
'' 'S"" ''
._ _
, ... 1 sitt r 11 
.-----
---
,-- 'i ll
., . -F
-:I
i 1ti+ j -t . .- .I I 1 1 1 I c.. ... I... I I I iIlllllliillI1: lll
I· H -I' I I I t+t+ - I I I. I' I. t I I I I It I t C~+- tl II I II II I I I I II I l4 I
.I S _ . _ , ................ .fij . |
K
IAA
i ] .I
. A ., .
: I
I
'r
I ; T~
.! .I.
,, !__-.
.i". . .
. I I If'
. 4o i_ _i;,~F !:-
.II I
I
1ll
100
I0
K 10
x"
I
R(pC2)1/ 3
FIG. J7 SCALED, FIELD MEASUREMENTS OF PARTICLE
VELOCITY VERSUS SCALED RANGE, JOYCE
CHENS PROJECT, VERTICAL COMPONENT
112
R(p C )
11/ 3
E
FIG. J8 SCALED, FIELD MEASUREMENTS OF PARTICLE
VELOCITY VERSUS SCALED RANGE, JOYCE
CHENS PROJECT, LONGITUDINAL COMPONENT
U
0
>K
113
MASSACHUSETTS EYE AND EAR HOSPITAL PROJECT
Vibration readings were recorded in a level excava-
tion about 6 feet below the sidewalk elevation. The ex-
cavation was about 120 x 65 feet in plan. Two existing
buildings bordered two sides of the excavation. Street
traffic bordered the other two sides of the excavation.
Other points:
1- Vibration levels were also recorded for the
Delmag D-30 hammer. This data is presented in Appendix
D, along with the number of blows required to drive the
tube with the Delmag hammer.
2- Nearby traffic vibrations limited the spacing
of the pickups greater distances than the length of the
excavation. No reading farther than 85.5 feet away was
recorded. The closest reading was 10 feet from the pile.
Thus R, varied only from 81 to 122, since the bulb was
formed at about 86 feet. As a result, a good attenua-
tion plot could not be drawn.
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FIG. M I CASE STUDY, MASS. EYE AND EAR, BOSTON, MASS.
SUBSURFACE SOIL PROFILE
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SIDE OF EXISTING BUILDING
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FIG. M2 CASE STUDY, MASS. EYE AND EAR, BOSTON,
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BLOWS PER BUCKET REQUIRED TO MAKE BULB
(I BUCKET = 5 CU. FT. )
PI LE BLOWS PER
NUMBER BUCKET
I ST. 2 ND.
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NDP HOUSING PROJECT
1- The tube was driven with the Deluag D-30 Diesel
hammer to a typical depth of 80 feet.
2- Driving was in a large level area with boring
elevation the same as the pile driving elevation.
3- Sometimes encountered large granite stones which
hampered driving.
4- Like the Mass. Eye and Ear Project, bulbing at a
depth of 80 feet gave a small range of R values. This is
shown in the table below.
h d R V R(pC 2 ) 1/3/ 1/3
(ft.) (ft.) (ft.) (in./sec.)
13.5 81.5 82.6 0.125V,B 106.3
85.5 80.0 117.1 0.0348V,B 150.7
On a log plot a poor attenuation curve is drawn due to the
small variation in R(pC2)1/3/E1 /3. Even though V varied by
a factor of over 3, increasing h out to 150 ft. produced very
small particle velocity readings.
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SUBSURFACE PROFILE FROM A TYPICAL
SOIL BORING
FINE GRAY SAND AND GRAVEL, TRACE CLAY 44-120-100
REFUSAL
OTHER DATA:
0 20 40
SCALE- FEET
WEIGHT OF HAMMER = 7000 LBS.
PILE DESIGN LOAD = 150 TONS, CASED PILES
84 LONG DRIVE TUBE - INSIDE DIAMETER= 19"
DRIVING TUBE WITH DELMAq D-30 HAMMER
DIAMETER SHELL = 17-5/8 AND 16I
Cs = 283 FT./SEC
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FIG. NI CASE STUDY, NDP HOUSING PROJECT, EAST BOSTON,
MASS.
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AUGERED 0-30' NO SAMPLES
FILL AND CLAY
SOFT CLAY
WASH BORING
SANDY CLAY AND GRAVEL
NO SAMPLES
CLAYEY SAND AND GRAVEL
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CRAMER ELECTRONICS PROJECT 129
The Cramer Electronics Project consisted of driving the
tube and bulbing with a 5000 pound hammer in a large level
parking lot. This is the only project in which the lighter
hammer was employed. All other projects used the 7000 pound
Franki hammer.
The pile driver operator agreed to raise the hammer to
25 feet; thus, giving a 125,000 ft.-lb. blow which could be
compared with the 100,000 ft.-lb. - 20 foot blows. Little
differences in readings were noticed.
As discussed in Section 5.3.6, the placement of the
pickup next to the existing Cramer Electronies building
effected the vibration readings differently than when the
pickup was not next to the building. In Table C1 the
(*) mark indicates the pickup was located within a few inches
of the Cramer Electronics building. The values of Vv, V1,
and Vt are effected as well as V1/Vv and Vt/Vv by the build-
ing's motions.
From the boring log the penetration resistance, N,
values indicate a loose fine sand and silt deposit at a
depth of 8 to 30 feet. The pile was bulbed at a depth
of approximately 20 feet with an average of 31 blows per
bucket.** The seismic shear wave velocity was calibrated
Blows per bucket required to form a bulb at the pile's base
is explained in section 3.2.
130
to be about 550 ft./sec.
Velocity readings were taken as close as 20 feet and
as far as 146 feet (horizontal distance). The largest
particle velocity recorded was 0.75 inches/see. at 20 feet.
This reading was in the vertical direction and was larger
than the longitudinal and transverse readings by a fac-
tor of about 6. At a distance of about 40 feet vertical
and longitudinal components started to become equal,
being larger than the transverse components. At greater
distances the longitudinal component tended to become
larger than the vertical component. See Fig. C2 and Table
C1 for comparison.
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SUBSURFACE .PJOFILE FROM A TYPICAL
SOIL BORING 
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129 KIPS CAPACITY PILES, CASED ,pILES
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DRIVING TUBE WITH FRWAKI HANit!;. ' :
Cs 550 .FT./SE '
FIG. C I CASE STUDY, CRAMER ELECTRONICS, NEWTON,
MASS.
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RESULTS OF DRIVING TUBE RESISTANCE TEST
AND BLOWS PER BUCKET (I BUCKET 5 CU. FT.)
PILE 10 BIOWS I BLOW BLOWS
.NUMBER AT 4 DROP AT 20 DROP PER BUCKET
(INCHES) (INCHES)
I 1.5 1.25 SI
2 I.5 2.0 33
3 1.0 1.5 36
4 1.75 2.0 30
5 1.5 1. 34
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BROOKLINE VILLAGE - MBTA AIR RIGHTS PROJECT
Vibration readings were recorded for driving rig
number 327 at this project, even though another rig was
simultaneously driving piles. Vibration readings were
taken only when the other driving rig was idle.
Other points:
1- Driving elevation was about 2 feet below soil
boring elevation.
2- Only one C wave value was obtained.
3- At this project accurate readings of drop heights of
the hammer were recorded as vibration readings were being
recorded. The hammer drop height seem to vary more than at
other projects.
4- The data below indicates the rate of tube penetra-
tion as the Franki hammer was drawing the tube through the
soil.
Pile E-13-A Depth of Number of
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SUBSURFACE PROFILE FROM A TYPICAL
SOIL BORING
ELEVATION 17.3'
HARD CINDERS, SOME
N
SAND AND GRAVEL FILL
LOOSE LOAMY SAND
ISOME GRAVEL FILL 2-4-4-2
FIRM LOAM, SAND, GRAVEL AND BRICKS 4-6-6-8
LOAMY PEAT
LITTLE FINE SAND 255-7
FINE TO MEDIUM
FIRM SAND
FIRM MEDIUM SAND. LITTLE 1_6-6-6-8GRAVEL, TRACE INORGANIC SILT
LOOSE MEDIUM TO COARSE 3-3-5-4
SAND AND GRAVEL 3-4-4-6
MEDIUM TO HARD YELLOW
CLAY, SOME FINE SAND
FIRM FINE SAND 5-6-6-7
TRACE INORGANIC SILT
FIRM MEDIUM SAND
SOME GRAVEL AND MICA 14-10-9-9
FIRM FINE SAND, LITTLE GRAVEL 6-9-9-9
TRACE INORGANIC SILT 7-8-9-9
FIRM MEDIUM SAND 7-7- 8-9
HARD MEDIUM TO COARSE SAND
AND GRAVEL, TRACE INORGANIC SILT
v'- REFUSAL
30-13-18-21
FIG. B I CASE STUDY, BROOKLINE VILLAGE,
BROOKLINE, MASS.
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PILES-E-13-A
v] E-13-B
a3w
CAE. ---0 20 40
SCALE-FEET
TOP ELEVATION- 15:
PILES E-13-A AND E-13-C ARE
BATTERED ON A I TO 10 SLOPE,
ALONG WITH PILE E-14-C
'ION OF BATTER
1
OTHER DATA: WEIGHT OF HAMMER = 7000 LBS.
I2p TONS PILE DESIGN LOAD CASEQ
27 LONG DRIVE TUBE - DIAMETER 19'
DRIVING TUBE WITH FRANI HAMMER
DIAMETER SHELL u 17- /
AVERAGE PILE DEPTHt 19
Cs = 435 FT./SEC.
PILES
CASE STUDY, BROOKLINE
BROOKLINE,
VILLAGE,
RESULTS OF DRIVING TUBE RESISTANCE TEST
AND BLOWS PER BUCKET (I BUCKET 5 CU, FT.)
PILE 10 BLOWS I BLOW BLOWS PER
NUMBER AT 4' DROP AT 20 DROP BUCKET
(INCHES) (INCHES) I ST. 2ND.
E-13-B 0.25 0.25 47 57
E-13-A 1.00 0.5 4S 53
E-14-C 0.25 0.375 ? ?
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SAGAMORE TOWERS PROJECT
1- The ground water table fluctuated with the tide.
2- No trend was observed for Vt/Vv and V1/Vv versus
range plots.
3- Even though no blows/bucket data is given, 2 and 3
buckets were required to make the bulb. A workmen
said he was trying for 40 blows per bucket without
excessive hammer pentration.
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OTHER DATA: WEIGHT OF HAMMER 7000 LBS.
PILE DESIGN LOAD - 120 TONS, CASED PILES
32' LONG DRIVE TUBE- INSIDE DIAMETER 19"
DIAMETER SHELL= 17-5/8, DRIVING TUBE WITH
DELMAG D-30 DIESEL HAMMER, C 547 FT/SEC.
FIG. S2 CASE STUDY, SAGAMORE
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DRAKE VILLAGE
At Drake Village structural motion was recorded in
a single story garage. The garage was 31.5 by 29.5 feet
with cinder block and brick walls. The closest vibra-
tion reading recorded in the garage was when the pile was
11 feet from the corner of the garage (pile #39).
Pile #39
This record resulted in some interesting observations.
When the Franki pile was being bulbed at a depth of 21 ft.,
the following observations were noticed in the garage.
1- The vertical component was largest next to the
wall.
2- On the window sill the vertical component was
largest while the transverse component was small-
est.
3- In the middle of the floor all three components
gave lower readings than the next to the..wall on
the floor and window sill readings.
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COARSE SAND
HARD FINE AND MEDIUM
SAND, SOME GRAVEL, TRACE
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2-16 -IS- 18
I-1-2-.2
15-14-15-13
HARD TO VERY HARD FINE
AND MEDIUM SAND AND GRAVEL, 28-i7-17-31
SOME COARSE SAND
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FIG. D I CASE STUDY, DRAKE VILLAGE, ARLINGTON,
MASS.
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RESULTS OF DRIVING TUBE RESISTANCE TEST
AND BLOWS PER BUCKET (I BUCKET = S CU. FT.)
PILE 10 BLOWS I BLOW BLOWS
NUMBER AT 4' DROP AT 20 DROP PER BUCKET
(INCHES) (INCHES)
32 0.25 0.25 49
31 0.25 0.25 48
37 0.375 0.50 50
36 0.50 0.50 54
35 0.625 0.375 50
1 r
. W . v
19 k_vV
BUIL DING -GARAC
CINDER BLOCK CONSTRUCTION
o 10 20
SCALE - FEET
+39
+40
31+ 
*32
+35
4-36
+37
D
OTHER DATA:
FIG. D 2
WEIGHT OF HAMMER 7000 LBS.
PILE DESIGN LOAD = 120 TONS, CASED PILES
30' LONG DRIVE TUBE- INSIDE DIAMETER = 19"
DIAMETER SHELL = 17-5/8", DRIVING TUBE WITH
FRANKI HAMMER
Cs = 535 FT./SEC.
CASE STUDY, DRAKE VILLAGE, ARLINGTON,
MASS.
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FIG. D7 SCALED, FIELD MEASUREMENTS OF PARTICLE
VELOCITY VERSUS SCALED RANGE, DRAKE
VILLAGE PROJECT, TRANSVERSE COMPONENT
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CHARLESTOWN HIGH SCHOOL PROJECT
At this site vibration levels were monitored for one
pile. The pile driving was performed in an large level area,
while the nearest building was approximately 40 feet away.
Pile depth in relationship to the soil boring elevation was
not exactly known, but the difference was believed not to
vary by more than a few feet, the pile elevation being lower
than the boring elevation.
Good attenuation plots were obtained, giving a
logarithmic relationship. But Vl/Vv and Vt/Vv versus range
plots seemed to produce erratic results.
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SUBSURFACE PROFILE FROM A TYPICAL 174
SOI L BORI NG ELEVATION 17.94' N
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ca e
COMPACT FINE TO COARSE
SAND, GRAVEL, BOULDERS, BRICK, 35-40-32
BLACK TOP, CINDER FILL
ORGANIC SILT, TRACE OF SAND, 7 -10-4
GRAVEL AND BOULDERS 2 - 2' 4
MEDIUM COMPACT FINE TO COARSE 16-16-19
GREY SAND GRAVEL, BOULDERS, 10-10-8
TRACE OF SILT 15- 13-16
9-10
STIFF YELLOW CLAY, TRACE
9-8-9
OF FINE SAND, LITTLE GRAVEL 9-8-8-6
8-8-3-6
SOFT BLUE CLAY
COMPACT FINE TO MEDIUM GREY .16- Z6 -Z6
SAND, SOME CLAY, FINE TO COARSE o2
GRAVEL, OCCASSIONAL BOULDERS
END OF BORING
PILED-II(I) + 0
C
0 20 40 0-ICKUP
SCALE- FEET
OTHER DATA: WEIGHT OF HAMMER = 7000 LBS.
CASED PILES, 48' LNG DRIVE TUBE-
INSIDE DIAMETER=19, SHELL DIAMETER- 17-5/8
DRIVING TUBE WITH DELMAG D-30 DIESEL
HAMMER TO 43, THEN DRIVING TUBE TO 46'
WITH FRANKI HAMMER, BLOWS PER BUCKET
FOR PILE D-11() = 56 C - 647 FT/SEC
NO DRIVE TUBE RESISTANE TEST
FIG. CH I CASE STUDY, CHARLESTOWN HIGH SCHOOL
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FIG. CH 5 SCALED, FIELD MEASUREMENTS OF PARTICLE
VELOCITY VERSUS SCALED RANGE,
CHARLESTOWN HIGH SCHOOL PROJECT
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MEDI-MART PROJECT
At this particular project particle velocity read-
ing were the largest as the drive tube was first driven.
The soil profile shows (Fig. ME1), a firm layer of soil
overlies a very soft peat layer. The soil profile is
analogous to a board floating on water. The board can
be rocked easily when struck and so can the soil layer
lying above the peat. Variation in particle velocity
with depth is shown in Fig. 4.9. Tube pentration was so
rapid in the peat layer (10-30 ft.), that no particle
velocity was recorded.
The top soil layer actually freely vibrated simi-
larly to the record on Fig. 5.2. A damping fraction was
obtained which was 0.11 for pile 1 with a frequency of
4.9 cps (see Fig. ME8(a))
Little longitudinal and transverse particle veloci-
ty readings were recorded. The ground motions were large-
ly vertical. Consequently, only one scaled plot was drawn
with the vertical particle velocity.
o00
C
oa ,
H os 4
'-*
ao
o ;o
1-4
~ o ,.-& O
o
4
c-
o CoQO
0 u' 
o 
C'-
o
.-
O , O
- UcL
C:,
o
\0 \0 CQ H4 C
xO D m cr\ cO
U, U; 0 0 U
cf r con 0c~~~ cS1 \O~~~w~
0
o0o
.O 
E-4. C 
n0
o
4 181
o W co
%...
cH Cw 0
000
o; n C
0% 0a%
* Co 4
-1- 1-4
\o O O u Zt 4 40 \0 0 o a onr n n 4 0 r4 4
o 0 0 0 0 V4 -4
* 4*
' .
14~~
.
_-4
1 1-4 O
0o o -o u.. 
O a o O un o
O O0
4
q.C
Nw
C"-
ms n m cq
o o o o O o tr
OC Cx 0 0 C5 U,V-4 1- -4 q4 v4 1- 4 \0
1-4 '-4 V-4 r-4 1-4 V-4
IO
T-4
C
C)
:> 0)z
*1-4
CN
'I-,
N N
o -
P:
C-I
I'll
n.
4-4
v,
a,
r.
U)
C-)
C)
E-
aqE-4H
1-i
C
C4-4
VIN0
14
X
I
-4)
4-4
v
~'d 4-)
- (
.4.)
(9.4
'I)
.6-4
04
1-4
4 a0o4 
CN C-
CYN> co
N * 00 0,-4*' *, a:ooo,~i0r
o~0~.~
0,1
·o ~ ~ 0
0'
0
0
0
if,.
%-4 0
0 
mm
00 0\ Co4 * 
0, 0000
or- \O
n 0,0
-0 04
o · ·
000mmm000
C'rq-4 -4
*- 
· mmm 
c0 00 
000
·
t.000
O .O O
0o , 4 4
* A C2
T-4 i-4 N~
4 0 0 N0o \0 . 0 o4 r 4 0 0
* c* : * 0
* o 0 C C
4ts t n1
N F b O 0
N; 0
Q 0 0 0\ n
\9 \O O\ C 
r)
k N c CN
U0
I0
N4
182
0
]
00
v
64 ·
4.* 
4- 4
4-
* n
c) N'(D~\
0 Ti
-4.
o 1o
o
,mEq
E at
0
m
I
4)4-
1-1
4C.-
0
4)
1I
_v
04
SUBSURFACE PROFILE FROM A TYPICAL
,SOIL BORING N
FIRM CINDERS, ASHES,
GLASS AND BRICK FILL
LOOSE CINDERS AND
ASHES FILL
10-9-9-11
2-2- 3-2
2-1-1-2
PEAT, ORGANIC SILT WITH PEAT
FIBERS, TRACE OF SHELLS
2-1-1-2
HARD MEDIUM AND COARSE SAND
AND GRAVEL, LITTLE FINE SAND
TRACE INORGANIC SILT
18-21-19-19
HARD MEDIUM SAND, SOME FINE
'22-24-23-24
SAND, TRACE FINE GRAVEL
FIG. ME I CASE STUDY, MEDI-MART, CAMBRIDGE, MASS.
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OTHER DATA: WEIGHT OF HAMMER = 7000 LBS.
PILE DESIGN LOAD = 120 TONS, CASED PILE§
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APPENDIX B
DIGITAL COMPUTER ANALOGUE OF THE SINGLE-
DEGREE-OF-FREEDOM SYSTEM (After Dowding, 1971)
Introduction
The computer analogue calculates the relative-dis-
placement response of a single-degree-of-freedom system
to a pile driving-induced ground motion. The analogue
first corrects for a baseline error, and then calculates
the maximum relative displacement of the single-degree-
of-freedom system while subjected to a particular ground
vibration. Also, computed by the analogue is the first
integral of the time history. The maximum displacement
can be used in the determination of scaling relation-
ships and amplification factors, while the response
spectra can measure the damage potential of an earthwave.
Baseline Correction
As mentioned, the computer analogue corrects the sys-
tematic error which occurs while the time-history is
being digitized. The error results from the alignment of
the vibration record causing an incorrect integral of the
particle velocity versus time history. The computer an-
alogue corrects the velocity integral which is the dis-
placement by a linear and a parabolic method. The correc-
tion is made twice with the corrected values printed by
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the computer program. Also printed is the corrected
velocity values along with the corresponding time values.
Response Sectra
The computer analogue also consists of a numerical
method for the solution of the differential equation de-
fining the motion of the single-degree-of-freedom system.
As mentioned in Sections 5.1 and 5.2 equation 5.5 can be
solved best by a computer, The computer analogue solves
equation 5.5 for an input velocity-time history of the
ground motion and prints the maximum displacement of the
single-degree-of-freedom model. As can be seen from equa-
tion 5.5 the damping, A, and the frequency, f, also have
to be given to the analogue to solve equation 5.5. For
other details of the analogue refer to Dowding (1971).
193
APPENDIX C
FIELD AND DIGITIZING INSTRUMENTATION
Field Instrumentation
Velocity-time histories were recorded by the author
with a Spregnether VS-1100 seismograph. This instrument
records three orthogonal particle velocities at one
point on light-sensitive, direct-print paper. The three
particle velocity components (transverse, vertical, and
longitudinal) are printed on the same paper with trace
widths of 0.01 in. The paper speed was about 4 irn./sec.
The velocity gages response linearly to particle ve-
locity with 5% accuracy, for a frequency range between
2 and 200 cps.
At the Drake Village Project the Spregnether VS-1200
seismograph was employed which in addition to the capa-
bilities of the VS-1100 could also record particle dis-
placements and particle accelerations. Both the VS-1100
and VS-1200 have four sensitivity settings or gains which
met particle velocities in the range of 0.006 to 5.0 in./
sec. could be recorded.
A fourth trace on the VS-1100 and VS-1200 seismo-
graph was available. This channel was attached to a ver-
tical velocity geophone. The fourth trace was recorded
above the three orthogonal particle velocity traces on the
same direct-print paper. An example of two recorded
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traces is shown on Fig. 4.1. The gain of the fourth
trace was unknown, but it was useful in obtaining the
phase velocity. By separting the geophone and the three
component seismograph a known diatance apart, h, a phase
time, t, could be obtained from the velocity-time histor-
ies. Thus, the phase velocity is h/t. This is explain-
ed further in Section 4.2.
Due to wire resistance, the maximum wire length that
could give a signal from the geophone to the recorder was
about 120 feet. Additional wire length would require an
amplifier.
Digitization Instrumentation
The MIT Digitizer (Co6rdicon, X-Y Coordinate Digital
Converter) transformed the ground vibration time-histories
onto computer cards. This machine punched on the computer
cards an x coordinate followed by a y coordinate. Five
pairs of x and y coordinates could be punched on one card.
The card puncher was an IBM 526 type which prepared the
computer cards to be read directly into the computer. The
computer was the Civil Engineering M70 or M80 series
which could handle the Single-Degree-of-Freedom and In-
tegration program.
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ADDENDIX D
DELMAG D-30 HAMMER DATA
Two cases are presented where the Delmag D-30
Diesel pile driving hammer was used to drive the Franki
tube. Once the tube was driven to the appropriate depth
the bulb of the pile was formed with the Franki hammer.
No scaled ploted were drawn with the Delmag hammer, since
the energy output of the hammer varied. The firmer the
soil, the larger the blow of the Delmag hammer produce.
Also with the Delmag hammer energy lost exist in the
hammer's head and tube.
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TABLE DE1 DELMAG D-30 DATA, E = 23,870 - 54,000 ft.-lbs.
NDP HOUSING PROJECT 
- Cs = 283 ft./sec.
Pile h d R V V
(ft.) (ft.) (ft.) (in./sec. )
x10-6
K-3-B 85.0 
-0 85.5 0.0313T,D 9.22
0.0234V,D 6.89
0. 0381L,D 8.27
K-3-C 45 44 62.9 
-0T,D 0
O.156V,D 46.0
0O0781L,D 23.0
K-3-C 13.5 65 66.4 0.0188T,D 55.4
0.0813V,D 23.9
0.0375L,D 11.0
K-3-C 13.5 65 66.4 0.0438T,D 12.9
0.146V,D 43.1
0.181L,D 53.4
N-5 13.5 
-O 135 0.0047T,D 1.38
0.0125V,D 3.68
0.0094L,D 2.77
MASS. EYE AND EAR PROJECT 
- Cs = 280 ft./sec.
109 15.0 80.0 81.4 0.0938T,D 27.9
0.0625V,D 18.6
0.0938L,D 27.9
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TABLE DE2 DELMAG D-30 TUBE DRIVING RATE
BLOW RATE = about 67 blows/min.
E = 23,870-54,000 ft.-lbs.
NDP HOUSING PROJECT MASS EYE AND EAR PROJECT
Pile Depth - d Blows Pile Depth - d Blows
(ft.) (fto)
K-3-B -60 -- 109 80 --
65 51 81 23
66 20 82 25
67 15 83 31
68 26 84 48
69 23 85 74
70 23 86 88
71 28 86.5 48
72 30
73 27
74 34
75 34
76 48
77 48
78 50
79 53
80 50
